This paper analyzes systematic risk of sovereign bonds in four East Asian countries: China, Malaysia, Philippines, and Thailand. A bivariate stochastic volatility model that allows for time-varying correlation is estimated with Markov Chain Monte Carlo simulation. The volatilities and correlation are then used to calculate the time-varying betas. The results show that country-specific systematic risk in Asian sovereign bonds varies over time. When adjusting for inherent exchange rate risk, the pattern of systematic risk is similar, even though the level is generally lower. The findings have important implications for international portfolio managers that invest in emerging sovereign bonds and those who need benchmark instruments to analyze risk in assets such as corporate bonds in the emerging Asian financial markets.
Introduction
This study takes a close look at sovereign bond markets and how systematic risk behaves over time in four Asian countries. Bond markets have grown in the region for a number of reasons.
From a macroeconomic perspective, well-developed domestic bond markets are important for financial stability. Following the Asian financial crisis, regional governments came to the conclusion that a major part of the reason for why the crisis became so severe was that of the so-called double mismatch problem, i.e. domestic companies borrowed short term in foreign currencies and used the capital to fund long term investments in local currencies (Johansson, 2008) . The crisis also highlighted the overreliance on domestic banks for the financing of new projects combined with poor banking supervision. In the wake of the crisis, the Asian countries initiated a region-wide cooperative effort with the aim to develop the domestic bond markets. Using a regional approach, they hope to overcome problems emerging economies face when developing their bond markets, including scale inefficiency. Other issues they want to solve through regional cooperation include how to best strengthen investor and creditor rights and to develop a more effective bond market infrastructure (Eichengreen, Borensztein and Panizza, 2006) . By developing domestic bond markets, the Asian countries may thus decrease the risks of double mismatch problems and the overreliance on bank funding in the domestic economy. There are also other significant benefits of well-functioning bond markets.
They provide an alternative source of funding for private as well as public investments. In terms of portfolio and wealth management, they also provide alternative ways to invest, something that is extremely important as many of the Asian countries develop their social welfare and pension systems and high domestic saving rates mean that private investors are looking for complements to risky domestic stock markets and bank accounts with very low yields. Furthermore, a well-functioning government bond market enables the creation of a term structure of interest rates that can be used as a benchmark for investments in general.
Finally, government bonds are often used as proxy for the risk-free rate in different capital asset pricing models and thus play an important role in asset pricing.
Even though local bond markets are clearly of significant importance, and even though the market capitalization of international bond markets matches that of international equity markets, the literature on systematic risk in bond markets is surprisingly small.
Sovereign bonds are usually seen as benchmark instruments; they are claims on the respective government that issues them, which means that their value is only dependent on countryspecific systematic factors (Dittmar and Yuan, 2008) . This study analyzes systematic market risk for sovereign bonds in Asia. We apply a bivariate stochastic volatility model to each of the bond markets and the world equity market. To estimate the model, we perform a Markov Chain Monte Carlo (MCMC) simulation. We then use the time-varying market volatilities and correlation to compute time-varying betas for the different bond markets. This study contributes to the literature in several ways. This is, to the best of our knowledge, the first study that identifies time-varying country-specific systematic risk in emerging markets using time-varying betas for sovereign bonds. We also take a closer look at how exchange rates influence time-varying systematic risk by comparing time-varying betas for standard USdollar denominated indices and betas based on indices re-denominated in local currencies.
Our results show that systematic risk in Asian markets varies significantly over time, something that has a direct and important effect on all financial assets in these markets. The risk patterns indicate that there are periods of high systematic risk followed by long periods of lower risk levels. When taking exchange rate risk into account through re-denomination of the indices into local currencies, it is shown that the time-varying risk patterns are similar, but that the general risk level is significantly lower in all four markets.
The rest of this article is organized as follows: In Section 2, we discuss the CAPM and time-varying systematic risk. We also discuss risk in sovereign debt markets. Section 3 introduces the bivariate stochastic volatility model that is used to estimate the timevarying volatilities and correlations of each of the bond markets and the world market. This section also gives a short description of MCMC simulation and how it is used to estimate stochastic volatility models. Section 4 first introduces the data and then presents the empirical results. Finally, Section 5 concludes the paper.
Time-Varying Systematic Risk and Debt Markets
The CAPM is one of the most important works of modern finance theory. It originated in the end of the 1950s, when Markowitz (1959) and Tobin (1958) published their work on meanvariance selection. Soon after, Sharpe (1964) and Lintner (1965) used this concept when they published an equilibrium model for capital markets. The model ties the return of a single asset to that of the market and shows that individual assets earn a risk premium over the risk-free rate that is related to the market risk premium. Later studies have shown that betas tend to fluctuate over time. Early research on this phenomenon includes Fabozzi and Francis (1978) , Sunder (1980) , and Bos and Newbold (1984) . Bodurtha and Mark (1991) provide a good overview of this literature. Later and more comprehensive studies on the US market include Harvey (1989) and Jagannathan and Wang (1996) . Brooks, Faff and McKenzie (2002) estimate conditional betas for a number of industrialized countries. Johansson (2009d) performs a related study on a large set of emerging equity markets. Both studies show that international stock markets exhibit varying systematic risk.
There are a number of reasons for why it is important to study systematic risk in international debt markets. Davis (2005) brings up four such reasons. First, there is no uncertainty related to future cash flows from government bonds. This means that the level of systematic risk and changes in betas must be due to country-wide changes in the required rates of return or general changes in the relationship between expectations on future cash flows on different assets and the required rate of return. As Dittmar and Yuan (2008) point out, sovereign bonds are usually seen as benchmark instruments. Their value is only dependent on country-specific systematic factors because they are claims on the government that issues them. Emerging sovereign bonds are thus influenced by general macroeconomic risks. Here, it should be noted that default risk is significant for most countries, which means that their sovereign bond prices also include the possibility of default.
2 Second, corporate bonds may exhibit significant systematic risk, something that has not been researched thoroughly. By analyzing the inherent systematic risk in benchmark assets such as sovereign bonds, we thus take a step towards a better understanding of how corporate bond prices incorporate systematic risk. Third, a risk-free rate based on short-term government bond yields is often used in the CAPM framework. This makes it important to fully understand the inherent systematic risk in such interest rates. Fourth, there is an increasing trend towards investing across multiple asset classes in international financial markets. This means that systematic risk not only in international equity markets but also debt markets is important for international investors.
Do we expect debt betas to be positive or negative? Davis (2005) points out that debt betas can be expected to be positive. However, this is not always the case. The comovements in stocks and bonds have been debated in many articles. Barsky (1989) discusses the relationship between the two asset classes using a consumption-based model. He argues that stocks and bonds may or may not move together depending on the general level of risk aversion. Shiller and Beltratti (1992) argue that movements in stocks and bonds should be negatively correlated since the discount rate has different effects on them. In a related study, 2 Reinhart, Rogoff and Savastano (2003) find that past defaults are a good indicator of a sovereign's ability to bear debt without the high risk of future default. Moreover, it is often argued that reputation can be a strong motivating factor for sovereigns to avoid default (e.g. Eaton and Gersovitz, 1981; Grossman and Van Huyck, 1988; Atkeson, 1991) . Interestingly enough, most countries in East Asia have a very strong record with few, if any, defaults. For instance, while countries such as Malaysia, Singapore, South Korea, and Thailand have been tested in times of great financial turmoil, they have yet to default on their sovereign bonds (Reinhart and Rogoff, 2004) . However, while research indicates that a history of default plays a major role for the risk of default, this is not the only determinant for future defaults. For instance, inflationary levels are also related to default risk (Reinhart, Rogoff and Savastano, 2003) . The existence of default risk complicates the usage of sovereign bonds as risk-free assets in asset pricing models. Johansson (2009b) These results tell us that we can expect debt betas in Asian markets to be both positive and negative and that they most probably vary significantly over time.
Methodology
This section introduces the estimation procedure that is used to extract the time-varying betas.
We first go over the concept of stochastic volatility and then introduce the bivariate stochastic volatility model that will be applied on the bond indexes and the world market index. We also make a brief introduction to MCMC and how it is used to estimate the parameters in the volatility model.
Stochastic Volatility
Even though the traditional ARCH/GARCH group of models is very popular in empirical studies of market volatility, stochastic volatility models are quickly gaining ground as a viable alternative. One of the reasons for why stochastic volatility models are growing in popularity is that they can be seen as being more closely related to fundamental microeconomic and financial theory (see, e.g. Tauchen and Pitts, 1983, and Andersen, 1996 , for discussions on how stochastic volatility modeling is related to theory). Another reason for its growing popularity is that studies show that stochastic volatility models perform well relative to GARCH models when one wants to estimate time-varying volatility. In studies by Danielsson (1994) and Kim, Shephard and Chib (1998) , it is shown that stochastic volatility models outperform GARCH models when it comes to in-sample fitting. Similarly, Yu (2002) uses the two approaches for out-of-sample forecasting and report that a stochastic volatility model performs better than GARCH models. As a result of these arguments in favor of stochastic volatility models, such models have been used in many different applications in empirical finance. Also, stochastic volatility specifications are commonly used when modeling financial derivatives. The often cited models by Hull and White (1987) and Heston (1993) both make use of a stochastic volatility framework to model and estimate stock options. Stochastic volatility models have also been used in studies on optimal asset allocation. One example is
Han (2006), who develops a multivariate stochastic volatility model and uses it to manage asset portfolios. Finally, in an article closely related to this study, Johansson (2009d) uses a bivariate stochastic volatility model to estimate time-varying betas in a large set of emerging markets.
One problem in the early stages of the stochastic volatility literature was how to overcome the challenge of model estimation. Standard ARCH/GARCH models specify the conditional volatility as a deterministic process that depends on previous shocks and volatility, which means that they are easily estimated using standard maximum likelihood estimation. Stochastic volatility models, on the other hand, specify the time-varying volatility as a latent random process. This means that a basic maximum likelihood approach is not suitable since we cannot obtain an explicit expression for the likelihood function (Shephard, 2005; Johannes and Polson, 2006) . As a result, a number of different estimation procedures have been proposed to overcome this problem, including quasi-maximum likelihood (QML), general method of moments (GMM), efficient method of moments (EMM), and simulated maximum likelihood (SML) and MCMC simulation. The first multivariate stochastic volatility model was presented by Harvey, Ruiz and Shephard (1994 (2006) is used. The next section introduces the model and then discusses how to estimate it using a MCMC simulation procedure.
The Model
In this section, we present the bivariate stochastic volatility model that we then use to estimate time-varying betas for four Asian bond markets. The model is from Yu and Meyer (2006) and combines two important features: exponential stochastic volatility and dynamic correlation.
The model can be written as:
with h 0 = γ 0 . Equation (2) shows that we expect the correlation between the two variables to vary over time. We follow Tsay (2005) and Christodoulakis and Satchell (2002) when we model the time-varying correlation. Basically, we estimate an AR(1) process for the correlation function. However, ρ t needs to be bounded. We therefore use a Fischer transformation and define the correlation process by
with z 0 = δ 0 . The Fischer transformation clearly bounds ρ t by -1 and 1. One drawback with this model is that it is difficult to generalize to higher dimensions. Yu and Meyer (2006) suggest a solution for situations where the number of variables, N, is larger than two. Inspired by Engle (2002) , Yu and Meyer (2006) show one possible solution to higher dimensional problems. Also, as mentioned earlier, Asai and McAleer (2009) suggest an alternative dynamic correlation model for multivariate stochastic volatility. There are thus several plausible solutions when facing a situation with N > 2. However, since we will use the model in a bivariate setting, we do not generalize the correlation structure further here.
It is plausible to assume that the correlation between a world stock index and different country indexes for bonds changes significantly over time. Related literature, especially studies on emerging markets, supports this assumption. Indexes from the same asset class as well as across asset classes tend to exhibit time-varying correlation in these markets. For instance, Johansson (2009d) shows that the correlation between emerging stock markets and the world market changes over time, in some cases dramatically. Similarly, Johansson (2008) shows that the correlation pattern between different Asian bond markets tends to change over time. Finally, Johansson (2009b) analyzes the relationship between stocks and bonds in emerging countries. The results indicate that the cross-asset correlation changes considerably over time, especially during times of market turmoil.
Estimating a stochastic volatility model is not as straightforward as estimating a GARCH model. Since the latent variable, i.e. volatility, is modeled as a stochastic process, there is no closed form for the likelihood function of the model. It is therefore not suitable to apply a standard maximum likelihood function estimation procedure on stochastic volatility models. As mentioned earlier, several different solutions to this problem have been proposed in the literature on stochastic volatility modeling. Studies on the estimation of stochastic volatility models have been in favor of MCMC. For instance, Jacquier, Polson and Rossi (1994) show that the MCMC approach results in better estimates than several alternative methods. We therefore use a MCMC procedure when estimating the bivariate stochastic volatility model presented above. In the Bayesian framework that MCMC is built upon, both the parameters and the latent variables are treated as random variables. Estimating models using MCMC rests on the so-called Clifford-Hammerslev theorem. The theorem says that the joint distribution of parameters (θ) and latent variables (x) given observed prices, f(θ,x|y), is completely characterized by the conditional distribution of the latent variables, f(x|θ,y), and the conditional distribution of the parameters, f(θ|x,y). Here, y is the set of observable variables. Bayes' rule states that the posterior distribution is related to the prior distribution
where f(θ,x|y) is the posterior distribution, f(y|x, θ) is the likelihood function, f(x|θ) is the prior distribution for the latent variables, f(θ) is the prior distribution for the parameters, and f(y) is the density function of the observed variables. Since y can be seen as constant, its density can also be seen as constant. This means that the expression can be simplified to
In Bayesian inference, the prior distribution is specified independently from the data sample, which means that MCMC and Bayesian inference in general is based on the data as well as the prior knowledge of the parameters. MCMC simulation solves the problem with the unknown specification of a high-dimensional distribution by constructing Markov chains with stationary distributions equal to the target densities. 
Empirical Results
In this section, we begin by describing the data for the four Asian bond markets. The bivariate stochastic volatility model described above is then applied to each of the four markets and the time-varying volatilities and correlation are used to calculate time-varying betas.
Data
The bond market data in this [FIGURE 1 HERE]
Even though the EMBI Global indices are seen as benchmarks for investments in emerging bond markets, they are composed of US dollar-denominated sovereign bonds. This means that they are exposed to exchange rate risk. Emerging market exchange rates tend to be significantly more volatile than those of developed countries. Furthermore, Ilmanen (1995) highlights the importance of separating the two sources of risk since exchange rates exhibit higher volatility than bonds in international markets. Overall, it is clear that exchange rate movements have a significant effect on foreign currency-denominated bond betas in emerging markets. On the other hand, to hedge currency risk is an inexpensive and straightforward procedure in most cases, which means that it is possible to decrease exchange rate risk. To study how exchange rate movements influence bond betas, we re-denominate the bond indices using the respective currency in the four countries. In the following two sections, we thus estimate bond betas for both US-dollar-denominated and local-currency denominated indices. 
Time-Varying Betas for Sovereign Bonds
Having looked at the basic features of the data, we now turn to the estimation of the bivariate stochastic volatility model for each of the four bond markets. Before the estimation, we need to specify the prior distributions for the parameters. The priors are based on earlier studies that utilize similar models (e.g. Yu and Meyer, 2006; Johansson, 2009d) . The complete set of prior distributions for the parameters is: Before we analyze the volatility and correlation patterns, we first look at the simulation output in closer detail. The trace plots for the model parameters are presented in Figure 2 for the bivariate estimation that includes China and the world market. Overall, all four East Asian sovereign bond markets exhibit surprisingly high but also considerably shifting levels of correlation throughout the sample period.
[
FIGURE 4 HERE]
Finally, the time-varying betas are computed, using the time-varying volatility and the timevarying correlation, or β i,t = ρ im,t σ i,t / σ m,t , where β i,t is the time-varying beta for sovereign bond market i, σ i,t is the time-varying standard deviation of market i, ρ im,t is the time-varying correlation between market i and the world market, and σ m,t is the time-varying standard deviation of the world market. The time-varying betas are presented in Figure 5 . It is clear that the systematic market risk as measured by sovereign bond betas varies considerably over time. Also, the patterns differ among the four markets. China's systematic risk exhibits decreasing tendencies throughout the sample. For Malaysia, there is a very large spike during the Asian financial crisis, after which the beta levels out around zero. The shape of the timevarying beta for the Philippine sovereign bond markets differs the most compared to the other markets, with regular spikes throughout the sample period. Finally, the limited sample of the Thai sovereign bond markets shows signs of a rapid increase in overall country risk during the Asian financial crisis, after which the sovereign bond beta came down to levels around zero.
Since it is often argued that sovereign bond markets capture country-specific macroeconomic and default risks, these time-varying betas give us a clear picture of how the market sees these country-specific risks for each of the four markets.
[FIGURE 5 HERE] This section has focused on estimating risk in Asian sovereign bond markets. The natural next step is to ask whether we need to look at additional potential sources of risks that are priced in sovereign bond markets. There is one obvious source of risk that is perhaps especially important when analyzing emerging markets: exchange rate movements. Exchange rates in developing countries tend to be very volatile and can at times have higher standard deviations than sovereign bonds. Even though the JP Morgan EMBI Global index is considered to be composed of assets that are the most liquid in emerging debt markets, these assets are all denominated in US dollars. This means that movements in the local currency against the US dollar may well constitute a significant part of the total country-specific risk as measured by sovereign bond betas. In the next section, we adjust each of the four Asian bond markets so that they are measured in local currency, re-estimate the stochastic volatility model, and compute the time-varying betas. We then compare the new betas with the original set of betas computed in this section.
Local-Currency Beta Estimations
Having changed the denomination of the bond indices into local currency, we re-estimate the stochastic volatility model with the local currency indices and the world market index. The results of the new estimations are presented in Table 5 . Again, the estimated values for γ 11 and γ 22 are close to but smaller than one in all cases, showing that volatility is very persistent in all four sovereign bond markets as well as the world equity market.
[ Instead of going into detail on the patterns of time-varying volatilities and correlations, we choose to focus on the time-varying betas for the bond markets. Applying the same procedure as in the previous section, we use the time-varying standard deviations and correlations to compute the betas, which are presented in Figure 6 . First, the patterns for the Chinese bond market are almost identical when using each of the two currency-denominated indices. This is a natural result, given that China has a fixed exchange rate regime. 4 Similarly, the Malaysian bond market show very similar time-varying beta patterns, especially from 1998 and forward. This is also expected, since the Malaysian government imposed capital controls and maintained a pegged ringgit against the US dollar as a response to the regional financial crisis starting in 1997. For the other two markets, there are more significant changes. For the Philippine time-varying sovereign bond beta, the patterns in the two figures resemble each other somewhat. However, when looking at the level, it is clear that the re-denomination of the index into local currency results in a much lower level of beta over time. The same goes for Thailand's bond index, which exhibits much lower beta levels over the period of its existence.
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To shed further light on the exchange rate effects on sovereign bond betas, the summary statistics of the new time-varying beta series are presented in Table 6 . Supporting the discussion based on Figure 6 , the mean levels are much lower for the Philippine and Thai markets. The Chinese and Malaysian time-varying sovereign bond betas also have lower means, most likely a result of the fact that the Chinese exchange rate is allowed to move against the US dollar and that the Malaysian ringgit experienced significant volatility changes during the financial crisis in 1997-1998. The Malaysian ringgit was traded as a free float currency the years before the financial crisis hit the region. During the crisis, the ringgit depreciated with as much as 50% against the US dollar. In September 1998, the central bank pegged it at 3.80 to the US dollar. It was not until in 2005, right after the Chinese government published its change in exchange rate policy, that the Malaysian central bank changed the exchange rate, now instead using a managed float exchange rate regime. These developments in the exchange rates most likely resulted in an increase in sovereign bond market risk when measured in US dollar, since such indices implicitly includes exchange rate risk.
[ Tables 4 and 6 , it is easy to see the exchange rate effect on country-specific risk as measured by the time-varying beta of sovereign bond markets.
Using the adjusted indices thus allows us to estimate and analyze country-specific risk due to macroeconomic features and default risk based on sovereign bond markets. The countryspecific risk as measured by time-varying sovereign bond betas can be used in a number of different ways when analyzing factors that cause risk in other asset classes, such as corporate bonds. The results also suggest that it may be inappropriate to use government bonds as measures of the risk-free rate when applying the standard CAPM to different assets. Our findings support those of Davis (2005) , who found that Australian government bond betas vary significantly over time and that they are positive most of the time.
Conclusions
This study has analyzed systematic country risk of Asian sovereign bond markets. Analyzing the risk in sovereign bonds improves our understanding of systematic risk in general and can help us understand inherent risk in other assets in the same country. The paper looks at four Asian sovereign debt markets: China, Malaysia, Philippines, and Thailand. A bivariate stochastic volatility model is used to compute the time-varying volatilities and correlation between each of the bond portfolios and the world market. These are then used to compute the time-varying beta. Betas of sovereign debt markets allow us to study the movements in country-specific risk over time. The four countries included in this sample are perhaps especially interesting since they were all affected by the Asian financial crisis, albeit in very different ways. The time-varying beta patterns indicate that country-specific systematic risk varies significantly over time when sovereign debt is used in the analysis. During the Asian financial crisis, betas in all four markets increased significantly. In the aftermath of the crisis, the risk level went down and systematic risk fluctuated around levels close to zero and in some of the markets below zero.
Even though the JP Morgan EMBI Global indices used in this study are arguably the most commonly used benchmarks for investors in emerging debt markets, they are denominated in US dollars. This means that movements in the benchmark indices are affected by exchange rate movements. Since exchange rates in developing countries are prone to be volatile, it is natural to assume that the foreign currency-denomination results in a higher level of systematic risk. The indices are therefore adjusted with local exchange rates and the model is re-estimated for all four countries. The new betas exhibit similar patterns to the ones with US dollar-denominated indices. However, the general level of risk decreases significantly in all four markets. Since it is usually relatively inexpensive to hedge for exchange risk, it is preferable to use the local currency-denominated time-varying beta estimations as benchmarks when analyzing risk in other assets in these countries.
The results in this paper have several implications. First, they raise questions on whether it is prudent to use government bonds as proxies for the risk-free rate when applying the traditional CAPM model to different assets. Second, the significant changes in systematic risk over time show that it is important to allow for risk measures to change over time. This is arguably especially true for emerging markets, where market conditions are known to change quickly. Finally, the fact that there is a significant and time-varying systematic risk in bond portfolios has important implications for portfolio managers that use such assets when optimizing their portfolios. As the markets for government bonds in Asia continue to develop, it is important to understand how different government bonds behave and to measure the systematic risk in them. This paper is a first attempt to understand systematic risk in Asia's emerging markets using bond portfolios. There are several possible extensions for future research on emerging market sovereign debt and systematic risk. As these markets develop, further analysis on bonds with different maturities and currency denominations is important.
Also, a more detailed analysis on emerging market corporate bonds and their respective timevarying betas could improve our understanding of the risk components in such assets. Another possible venue for future research is a closer examination of exchange rate exposure and its influence on emerging sovereign bond markets. 
